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Introduction
Photosystem II -a protein complex in the thy lakoid membranes o f chloroplasts o f vascular plants as well as o f cyanobacteria -is the target site for a large num ber o f commercially used herbi cides. The structural details of this protein com plex as well as its functional characteristics have been areas of intense research activities in recent times. At least eighteen different polypeptide com ponents have now been identified in this pigmentprotein complex [1] . In addition, research done over the past three years has indicated that the reaction center o f PS II is localized on two -32 kD a proteins -D1 and D2 [2, 3] , Among all of these subunit proteins, the role of cytochrome b559 has remained enigmatic for the longest period of time. Nucleotide sequence analysis o f the genes encoding this protein has indicated that this cytoAbbreviations: Chi, chlorophyll; Cyt, cytochrome; LiD S-PAG E, lithium dodecyl sulfate polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; PS II, photosystem II.
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Verlag der Zeitschrift für N aturforschung. D-7400 Tübingen 0341-0382/90/0500-0423 $01.30/0 chrome is composed of two subunits -a (-9 kDa) and ß (-4.5 kDa) [4] . Spectroscopic studies on iso lated Cyt b559 protein have suggested that its heme cofactor is coordinated between two histidine resi dues -most probably one in each o f the a and ß subunits [5] ,
We have used a directed mutagenesis approach to study the relationship between the structure and function of Cyt b559 in a unicellular cyanobacte rium, Synechocystis sp. PCC 6803 (hereafter, Synechocystis 6803). Two neighbouring genes, psbE and psbF , encode the a and ß subunits of Cyt b559 in this organism [6] . In addition, two other putative genes, psbL (previously called p s b l, see [1] ) and psbi are also present in close proximity to psbE and psbF [7] . The organization psbE -psbF -p sb L -psbi of these genes in Synechocystis 6803 is very similar to that found in a num ber of chloro plast genomes [8] . Previously, we deleted the entire psbE F E i region from the genome o f Synechocystis 6803 to obtain a m utant, T1297, that was com pletely devoid of PS II activity [6, 9] . In this m u tant, however, four genes were deleted sim ulta neously. Thus, it was not possible to determine whether the structural as well as functional defects in this m utant were due to the deletion o f any one or more of these genes. To resolve this problem, we have recently used a synthetic oligonucleotidedirected deletion mutagenesis approach to sys tematically delete each individual gene in the psbE F LJ gene cluster and examine the phenotype of the resulting m utants. In this communication, we describe the creation of a deletion m utation in the psbF gene, encoding the ß subunit of Cyt b559, as well as the effect o f such a m utation on the stability of the PS II complex.
Materials and Methods

Growth o f cultures
Both wild type Synechocystis 6803 and strain T256 were grown in BG 11 liquid medium supple mented with 5 mM glucose [6] . In addition, spectinomycin (10 |ig/ml) was added to T256 cultures. Cultures were propagated at 30 °C under a light intensity of 60 |iE/m 2/sec, with continuous bub bling with water-saturated air.
Construction o f deletion strain
Construction of the donor plasmid that contains the precise deletion of 41 out of 44 codons of the ß subunit o f Cyt b559 in Synechocystis 6803 has been described [10] . In addition to the desired deletion m utation in the p sb F gene, this plasmid contained a spectinomycin resistance gene cartridge at an Nhe I site, immediately downstream of the psb] gene. This donor plasmid was used to introduce the deletion m utation into the T1297 strain that lacks the entire psb E F h i region [6] , Selection was made for cultures that could grow in the presence of spectinomycin.
PC R analysis
Chrom osom al D N A was isolated from liquid cultures o f wild type and T 256 strains, using a pro cedure described in [11] . Polymerase chain reac tion (PCR) was carried out on -50 ng chromoso mal DNA, using two oligonucleotide primers (25 pmol each). One of these primers hybridizes to a sequence 5' o f psbE gene, and the other one hy bridizes to the complementary strand of DNA on the 3' edge of psbJ gene. The reaction mixture in cluded Taq salts (50 mM KC1, 10 mM Tris-Cl, pH 8.4, 2.5 mM M gCl2, and 0.1% gelatin), 0.2 mM each o f dATP, dCTP, dG TP and dTTP, and 2. 
Protein analysis and immunoblotting
Thylakoid membranes were isolated from 11 cultures of mid-log phase wild type and T 256 cells. Cells were harvested by centrifugation at 8000 x g for 10 min at 4 °C, washed once in breakage buffer (0.2 m sucrose, 2 mM N a-ED TA , 50 mM MES, pH 6.2), and resuspended in 5 ml of the same buffer. Glass beads (75-150 |i, Sigma) were added to this suspension and the mixture was vortexed three times for 2 min each with 1 min intervals on ice. The broken cell m ixture was filtered through M iracloth (Calbiochem), and spun at 2000 x g for 4 min to remove unbroken cells. The supernatant was then centrifuged at 100,000 x g for 45 min in a T865 rotor (Sorvall). The resulting mem brane pel let was resuspended in 1 ml breakage buffer. Chi a concentration was measured in 80% acetone [12] .
M embrane proteins from wild type and T256 cells were fractionated on a lithium dodecyl sulfate polyacrylamide gel system (LiDS-PAGE), essen tially as described in [9] , Protein bands were visual ized by staining with Coomassie blue. Western im m unoblotting was performed according to the procedure in [9] , Prim ary antibodies were kindly provided by N.-H. C hua (anti-CP47 and anti-CP43) and Y. Inoue (anti-D1 and anti-D2). Alka line phosphatase conjugated goat a«//-rabbit IgG (Sigma) was used as the secondary antibody, and color development was carried out with BCIP (3-bromo-4-chloro-3-indolyl phosphate, /?-toluidine salt; Sigma) and NBT (nitroblue tetrazolium).
Fluorescence analysis
Fluorescence emission spectra o f whole cells (frozen at 77 K) were obtained on a SPEX Fluorolog instrument. Excitation of chlorophyll was done at 440 nm whereas phycobilins were excited at 580 nm. The spectra are presented w ithout correc tion for instrum ent response.
Results
In Synechocystis 6803, the gene cluster psbEFLJ is localized on a 2.2 kbp E coR l-H indlU fragment of chromosom al D N A [6] . Fig. 1 shows the nu cleotide sequence o f an 850 bp long stretch from this fragment that includes all o f the four open reading frames as well as some untranslated se quences in the 5'-flanking, 3'-flanking and intergenic regions. In this diagram, the coding regions of psbE , psbF, psbL and p sb i extend from nucleo tides 121 to 366, 403 to 537, 547 to 666 and 699 to 818, respectively.
In order to confirm that the T256 m utant con tains a deletion of the psbF O R F, we performed PCR am plification of chromosom al DNA from the m utant and the wild type cells, using two oligo nucleotides (corresponding to the underlined sequences in Fig. 1 ) that hybridize to opposite strands o f chromosom al DNA. If T 256 contained the proper directed deletion m utation, we expected a change in the size of the m ajor double-stranded PCR product from 784 bp to 660 bp. As shown in Fig. 2 , the major PCR product from the wild type DNA is -800 bp (lane 1) and that from the T256 DNA is -650 bp (lane 2). In addition, DNA se quence analysis of the single-stranded PCR prod ucts corresponding to the same DNA region also showed that the deletion of 124 base pair region has indeed occurred [10] . Thus, we conclude that the T256 m utant contains a precise deletion of the psbF gene. identification of any PS II protein was essentially impossible just by examination of these Coomassie-stained protein profiles. However, four protein bands (indicated by two arrows) that were bluecolored even prior to staining with Coomassie blue and which corresponded to m ajor phycobiliproteins, were present at nearly equivalent am ounts in wild type and T256 cells. Thus, m utation in the psbF gene did not seem to affect the synthesis as well as pigment-binding properties of these pro teins of phycobilisomes, membrane extrinsic pig ment protein complexes that serve as an antenna system for PS II in cyanobacteria.
Analysis o f proteins
To detect the presence of various protein com ponents of PS II, we used monospecific polyclonal antibodies raised against homologous proteins in PS II complexes in chloroplasts. As shown in Fig.  3B , antibodies raised against spinach D1 protein recognized a single protein band in wild type mem brane fractions. However, the presence of this pro tein was barely (< 5 % ) detectable in the membrane fraction from the T256 m utant. Antibodies raised against the D2 protein from spinach recognized a major protein band in membranes from wild type cells. Only a small am ount of this protein (-7%) could be detected in T256 membranes. In com par ison to these two proteins, apoproteins of CP47 and CP43 were present in significant am ounts in the m utant cells in com parison to those in wild type cells. The am ount of CP43 protein was >80% in the m utant as com pared to that in wild type membranes, whereas that of CP47 protein was be tween 50 and 60%. Fig. 4 shows the fluorescence emission spectra of intact wild type and T256 cells frozen at 77 K. As shown previously [9] , preferential excitation of Chi molecules at 440 nm resulted in three emission peaks at 685 nm (F685), 695 nm (F695) and 720 nm (F720) (Fig. 4A ). Among these, the first two are attributable to Chi molecules in PS II, whereas F720 originates from PS I Chi. Dzelzkalns and Bogorad [13] have recently shown that the origin of F 685 (687 nm in their system) is most probably CP43, since a CP43-less m utant of Syne chocystis 6803 lacked in fluorescence in this wave length region. In addition, isolated CP47 proteins from cyanobacteria emit F695 [14] . Interestingly, the T256 m utant lacked in F695, although F685 was present. Thus, this m utant showed the pres ence of appreciable am ount o f CP47 apoprotein but no F695. F720 was unaltered, indicating no change in PS I fluorescence emission from this m utant. This is very similar to the situation in the m utant T 1297 that has the entire psbEFLJ region deleted from its chromosom e [9] . Fig. 4B shows the fluorescence emission spectra at 77 K when phycobilin pigments were preferen tially excited at 580 nm. In properly assembled phycobilisomes, light quanta are absorbed prim a rily by phycocyanins and then transferred se quentially through allophycocyanin and allophycocyanin B to Chi molecules that act as mem brane internal light-harvesting antenna for PS II reaction center. Inhibition of energy transfer with in and from phycobilisomes is manifested by char acteristic fluorescence emission from individual pigments at 77 K. As shown in this figure, both wild type and T256 cells showed a fluorescence peak at 657 nm that originates from allophyco cyanin, whereas an additional small shoulder at 648 nm, arising from phycocyanins, was present in the T256 sample. Thus energy transfer from phycocyanins to allophycocyanins was nearly normal in the T256 sample, indicating a norm al assembly of phycobilisomes in this m utant strain.
Fluorescence emission spectra
This figure also dem onstrates that the energy absorbed by phycobilins gave rise to F 695 and F720 in wild type cells. Thus, light quanta ab sorbed in phycobilisomes were transferred to PS I via PS II. In the m utant T256, some energy was still transferred to PS I, although the quantum yield of PS I fluorescence was relatively much smaller. Thus, in this m utant, energy absorbed by phycobilins was transferred to the Chi antenna of PS I via the PS II complex that lacked in any prop erly assembled reaction center.
427
Discussion
The presence of Cyt b559 as a two subunit pro tein component o f PS II complex in its most puri fied form suggests that this protein has some im portant structural and/or functional role in PS II [3] . Studies described here were aimed at perform ing a fine structure analysis of the role of the ß sub unit (psbF gene product) o f Cyt b559 in PS II of Synechocystis 6803. As shown in Fig. 1 , four open reading frames, p sbE, p sb F, psbL and psbJ are tightly clustered in a 850 bp long region of the chromosome of this cyanobacterium. M oreover, transcript analysis of these genes indicate that all four of them are cotranscribed into a single -900 base long message (data not shown). The same kind of tight clustering of these genes has also been observed in the chloroplast genome of a num ber of vascular plants as well as o f Euglena [8] , A result of such clustering is that the potential ribosome bind ing site for psbL gene overlaps with the transla tional stop codon of psbF [10] , Thus, we used an oligonucleotide-directed deletion mutagenesis approach to delete the D N A region that includes codons 1 through 40 o f the 44 codon psbF O R F and thus minimized potential polar effects of such a deletion m utation on downstream genes. As shown in Fig. 2 , as well as during nucleotide se quence determ ination of this region of chrom o somal D N A [10] , T256 had the desired deletion m utation. Interestingly, such a deletion m utation still had pleiotropic effects on the stability of the reaction center o f PS II in a way very similar to that in T1297, a deletion m utant that had the entire psbE Y E i operon deleted from the chrom o some [6, 9] . As shown in Fig. 3 B, the steady-state levels of two reaction center proteins, D1 and D2, were very low in this m utant in com parison to those in wild type cells. U nfortunately, we did not have specific antibodies that recognized the gene product of each individual O R F in the psbYL¥h] operon. T 256 is expected to have an absence of the psbF gene product. However, the synthesis as well as stable assembly of the products of the psbE , psbL and psbJ genes in the thylakoid membranes of this m utant need to be determined in the future. It is conceivable that in the absence of the ß sub unit, the heme (s) in Cyt b559 cannot be coordinat ed properly. This may in turn affect the stability of the reaction center of PS II. With respect to D1 and D2, the possibility remains that both of them are translated at norm al levels and integrated into the membrane of the m utant cells. However, in the absence of Cyt b559, a protein postulated to have a protective role against photoinhibition [15] , the as sembled D1-D2 complex may turn over rapidly. Thus, only a trace am ount of each protein may be detected under steady-state conditions. Short-term radioactive pulse-labeling and subsequent chase experiments may elucidate the fates of these pro teins, in future.
An alternative possibility is that the deletion m utation may actually affect the stability of the transcript from the /«6E F L J gene cluster. In this case, significant am ount o f psbE , psbL and psbJ gene products would not be synthesized. N orthern blot analysis of this transcript in T256 cells is cur rently in progress to examine this possibility. Fig. 3B also indicates that significant am ounts of CP47 and CP43 apoproteins -two antenna proteins in PS II core complex -accumulated in the membranes o f T256 m utant. A similar phe nom enon has been observed with the psbEFLJ deletion strain, T1297 [9] , These results are quite significant for the elucidation of the stepwise as sembly process of the mem brane protein complex. PS II. Analysis of other PS II-deficient m utants of Synechocystis 6803 have shown that null m uta tions in any one of the genes or gene families en coding CP47, D1 or D2 proteins affect the steadystate levels of the other two proteins [16, 17] , Among all such m utants, only psbA (encoding D1 protein) triple deletion m utation has been exam ined for the presence of the a subunit of Cyt b559. Interestingly, this m utant contains near normal levels of this subunit protein [17] . Deletion studies on the psbC gene (encoding the CP43 protein) have shown that absence of CP43 still allows the synthesis of a CP47-D1-D2 complex that retains reaction center activities [16] . In addition, Simpson and colleagues [18] have recently described a bar ley m utant that has CP47, CP43, D1 and D2 miss ing from its thylakoids, whereas the a subunit of Cyt b559 is still present. All of these data indicate that Cyt b559 is one o f the centrally critical protein subunits for the assembly of PS II. To date, our studies have been the only ones where defined m u tations have been created in this protein to exam ine its role in PS II.
Fluorescence spectra at 77 K (Fig. 4 A) indicat ed that F695, one of the two peaks originating from PS II was absent from the m utant, whereas the other one, F 685 was present. The origin of F 695 has previously been identified as some Chi molecule on CP47. However, T256 contained sig nificant am ounts of the CP47 apoprotein in its membrane. A possibility exists that this mem brane-integrated protein might not have any Chi associated with it. However, de Vitry et al. [19] have recently dem onstrated that in various PS IIdeficient m utants of Chlamydomonas, CP47 and CP43 have Chi bound to them, although the PS II complexes in these m utants were not properly as sembled. Thus, they concluded that binding of Chi to Chl-binding proteins precedes the assembly of such proteins into the m ultiprotein complex, PS II. We believe that the same events may very well occur in Synechocystis 6803. Thus, the absence of F 695 may be the result o f an absence o f some spe cific interaction between CP47 and the reaction center of PS II. F685 in the m utant may originate from CP43 as found in wild type cyanobacterial cells [14] .
Fluorescence analysis as well as examination of the protein profile on one-dimensional LiDS-PAGE systems (Fig. 3 A) indicated that in T256, a m utant missing its PS II reaction center, the syn thesis, pigment binding and assembly o f phycobilisomes have not been affected appreciably. Similar observations have also been reported by Dzelzkalns and Bogorad [13] when they examined ran domly generated PS II-deficient m utants of Synechocystis 6803, whose prim ary lesions are in genes encoding CP47 and CP43, respectively. Thus, the assembly o f phycobilisomes seem to be independ ent of that of the PS II complex, even though the former serves as an antenna structure for the latter one.
In conclusion, the presence of the ß subunit of Cyt b559 is critically im portant for the proper as sembly o f functional PS II complex. Experiments are currently in progress to assess the role of var-H. B. P ak rasi et al.
• C yt b559 ß S ub u n it D eletion ious domains as well as specific residues of this protein in PS II function.
